Epigenetic modifications to cytosine are known to alter transcriptional states and deregulate gene expression in cancer, embryonic development, and most recently in neurodegeneration. To test the hypothesis that global levels of cytosine modification are altered throughout the progression of Alzheimer's disease, 5-methylcytosine (5-mC) and 5-hydroxymethylcytosine (5-hmC) were quantified using gas chromatography/mass spectrometry (GC/MS) and stable labeled internal standards of cytosine, 5-mC, and 5-hmC. Cytosine modifications were quantified in DNA extracted from tissue specimens of four brain regions (cerebellum, inferior parietal lobe, superior and middle temporal gyrus, and hippocampus/parahippocampal gyrus) of cognitively normal control (NC) subjects and subjects with mild cognitive impairment (MCI), preclinical Alzheimer's disease (PCAD), late onset Alzheimer's disease, frontotemporal lobar degeneration (FTLD) and dementia with Lewy bodies (DLB). Repeated measures analyses of the data show significant alterations in 5-mC and 5-hmC in early stages of Alzheimer's disease (PCAD and MCI), as well as FTLD and DLB subjects, across multiple regions of the brain. These data suggest alterations in epigenetic regulation of genes may play an early role in the progression of AD as well as other types of neurodegeneration.
Familial Alzheimer's disease (AD) has been linked to mutations in key genes involved in amyloid beta processing, including amyloid precursor protein, presenilin-1, and presenilin-2 (Selkoe 1997) . While risk factors, such as advanced age and the Ԑ4 allele of Apolipoprotein E (APOE) (Corder et al. 1993) , have been discovered for the most common form of AD, sporadic AD, no known cause or discovered mechanism has been elucidated, limiting understanding of the disease progression or development of successful therapeutic options to halt or slow degeneration (Selkoe 1997; Walsh and Selkoe 2004; Chakrabarti et al. 2015) . The main pathologic markers of AD include senile plaques (SPs) comprised of amyloid b peptide and neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau fibrils. These neuropathologic lesions are thought to accumulate in brain regions years before memory loss, cognitive impairments, or alterations in reasoning present as clinical symptoms of dementia (Jack et al. 2010) . As pathology progresses throughout the brain, clinical symptoms worsen, ultimately leading to dependent care, decreased cognition, and shortened lifespan (Fargo 2014) . According to criteria from the National Institute on Aging and the Alzheimer's Association, the three stages of AD progression include preclinical AD (PCAD), mild cognitive impairment due to AD (MCI), and dementia due to AD (Montine et al. 2012) . In general, PCAD subjects exhibit no clinical deficits on cognitive test scores compared to normal control (NC) subjects, but have increased SP and NFT pathology in brain regions associated with AD (Schmitt et al. 2000) . In contrast, MCI subjects show cognitive decline but do not meet the clinical criteria for dementia, and also show advanced pathology in AD affected brain regions (Petersen et al. 2006) .
In the absence of gene mutations that promote pathology and cognitive deficits during the progression of AD, alternative methods of dysregulation of normal biological mechanisms may hold the key to understanding the progression of neurodegeneration in sporadic AD (Zawia et al. 2009; Bihaqi et al. 2012) . Epigenetic modifications to DNA can alter transcription and gene expression in embryonic development and normal cellular function, as well as to deregulate gene expression mechanisms in cancer (You and Jones 2012) and thus may potentially play a role in the pathogenesis of AD.
Methylation of cytosine by DNA methyl transferase can alter gene function by regulating transcriptional processes (Nabel et al. 2012) . Typically, increased 5-methylcytosine (5-mC) in genomic regions is associated with gene silencing and deregulated transcription (Jjingo et al. 2012) . However, oxidation of 5-mC by the ten-eleven translocase (TET) family of enzymes to 5-hydroxymethylcytosine (5-hmC) (Tahiliani et al. 2009 ) is thought to have the opposite effect, increasing transcription and up-regulating gene expression (Mellen et al. 2012; James et al. 2014) . Due to the seemingly opposed functions of 5-mC and 5-hmC, distinguishing and quantifying each epigenetic mark is essential to understanding the potential biological significance epigenetic modifications to cytosine play in normal cellular function and in disease. Although 5-mC and 5-hmC levels have been studied extensively in aging and cancer research (Szulwach et al. 2011; Johnson et al. 2012; Olkhov-Mitsel and Bapat 2012; Lister et al. 2013) , interest in neurodegenerative diseases such as AD has been recent. While some studies show increased levels of 5-mC and/or 5-hmC in AD (Bradley-Whitman and Lovell 2013; Coppieters et al. 2014; Mastroeni et al. 2016) , others show decreased epigenetic marks (Mastroeni et al. 2010; Chouliaras et al. 2013; Condliffe et al. 2014) or no changes of either mark in AD (Lashley et al. 2015) . These conflicting data for global quantification (Mastroeni et al. 2010; Bradley-Whitman and Lovell 2013; Chouliaras et al. 2013; Condliffe et al. 2014; Coppieters et al. 2014; Lashley et al. 2015) and genomewide studies (Bakulski et al. 2012; De Jager et al. 2014; Lunnon et al. 2014; Humphries et al. 2015) may be attributed to variations in quantification techniques as well as tissue processing procedures. Many of these studies use antibodies as the method of detection, where non-specific binding and antigen retrieval could potentially cause errors in quantification of analyte signal, or bisulfite sequencing techniques, which cannot distinguish between 5-mC and 5-hmC. Quantification of 5-mC and 5-hmC in neurodegenerative diseases is essential to elucidating the possible role of altered gene regulation via epigenetic mechanisms in the progression of AD.
To test the hypothesis that global levels of 5-mC and 5-hmC are altered in brain regions susceptible to AD pathology throughout the progression of AD using a quantitative method, gas chromatography mass spectrometry (GC/MS) was used. Two advantages of GC/MS for quantification of analytes are the availability of isotopically labeled standards, which can be used as internal standards throughout processing and analysis, as well as specific chromatographic separation of DNA bases (Crain and McCloskey 1983; Romerio et al. 2005; Rossella et al. 2009; Tang et al. 2012) . GC/MS paired with stable labeled standards of each modified cytosine base was used to analyze DNA from subjects across the spectrum of AD progression [PCAD, MCI, late onset AD (LOAD)], as well as in frontotemporal lobar degeneration (FTLD) and dementia with Lewy bodies (DLB). DNA was extracted from SP and NFT vulnerable (superior and middle temporal gyrus -SMTG, inferior parietal lobe -IPL, and hippocampus/parahippocampal gyrus -HPG) and nonvulnerable (cerebellum -CER) brain regions. Alterations in epigenetic modifications in each subject group were compared to (frequency) age-matched cognitively normal control (NC) subjects. Quantification of changes in epigenetic marks in neurodegenerative disease subjects compared to NC tissue may provide insight into how hydroxymethylation and methylation of DNA affect the progression of AD and other types of dementia.
Materials and methods

Reagents
Proteinase K, BioUltra Phenol with 8-hydroxyquinoline, chloroform, 3-methyl-1-butanol, cytosine, 5-methylcytosine, formic acid, and pyridine were purchased from Sigma Aldrich (St. Louis, MO, USA), while BSTFA-TMCS, 99:1 was purchased from Supelco, a supplier of Sigma Aldrich. 5-hydroxymethylcytosine was purchased from MP Biomedical (Santa Ana, CA, USA). [2- N 2 ] 5-hydroxymethylcytosine was purchased from Moravek Biochemicals Inc. (Brea, CA, USA), and 5-methyl-d3-cytosine-6-d1 was purchased from CDN Isotopes (Pointe-Claire, QC, Canada).
Subject data
Tissue samples were obtained from short (< 4 h) post mortem interval (PMI) autopsies of PCAD, MCI, LOAD, FTLD/DLB, and (frequency) age-matched NC subjects through the Neuropathology Core of the University of Kentucky Alzheimer's Disease Center (UK-ADC), in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) and Institutional review board approved protocols. All participants or their legally authorized representatives provided written informed consent. Annual neuropsychological testing and biannual physical examinations were completed for all subjects in the UK-ADC followed longitudinally. All subject diagnoses were based on UK-ADC postmortem consensus conferences between neurologists, neuropsychologists, and social workers, combining neuropathological and clinical data. NC subjects showed no evidence of memory decline and fell within the normal range for mental status test battery exams, comprising 14 neuropsychological tests (Schmitt et al. 2000) , and showed only age-associated histopathological changes and low Braak stage scores (0-II). The UK-ADC describes PCAD subjects as those who meet intermediate or high National Institute of AgingReagan Institute (NIA-RI) criteria (Hyman and Trojanowski 1997) for advanced AD pathologic changes at autopsy, frequent to moderate neuritic plaque scores according to the Consortium to Establish a Registry for Alzheimer's disease (CERAD) (Mirra et al. 1991) , Braak staging scores between III and VI, but with normal range scores for psychometric test scores when corrected for age and education (Schmitt et al. 2000) . MCI subjects showed increased neuropathology burden compared to NC subjects, with Braak stage scores between II-V, increased neuritic plaque density in neocortical regions and increased NFT density in entorhinal cortex, hippocampus, and amygdala, as well as increased memory impairment upon clinical cognition and memory exams, specifically objective memory test impairment (based on word list learning task exams), but do not meet criteria for clinical diagnosis of dementia Petersen et al. 2006) . LOAD subjects meet CERAD and NIA-RI guidelines for intermediate or high likelihood of AD, based on advanced neuropathology (Braak scores of V and VI) and decreased cognition and memory impairment for clinical diagnosis of dementia and probable AD (McKhann et al. 1984; Hyman and Trojanowski 1997) . Evaluation of AD-related pathologic markers including Braak NFT stage scoring (Braak and Braak 1995) and counts of diffuse and neuritic plaques, as well as NFTs, were determined by the UK-ADC Neuropathology Core. Global cognitive status was determined based on Mini Mental State Examination (MMSE) scores (Folstein et al. 1975 ) for all subjects. provided by the UK-ADC. For the current study, MMSE scores were from the last exam before autopsy, given 1.4 AE 1.6 years prior to death. Each subject's APOE genotype was available. At autopsy, tissue from the superior and middle temporal gyrus (SMTG), hippocampus/parahippocampal gyrus (HPG), inferior parietal lobe (IPL), and cerebellum (CER) were flash frozen in liquid nitrogen and stored at À80°C until processed for analysis. Average frozen storage time of tissue specimens used in this analysis was 7.2 AE 3.7 years.
DNA isolation
Frozen samples of brain tissue were homogenized in 1 mL of digestion buffer (0.5% sodium dodecyl sulfate, 0.05 M Tris-HCl, 0.1 M Na 2 EDTA) and 0.5 mg/mL proteinase K solution and incubated overnight at 56°C as described previously (Wang et al. 2005 (Wang et al. , 2006 . Following digestion, 5 M NaCl was added to a final concentration of 0.08 M and the samples vortexed. A series of three 1 mL phenol/ 8-hydroxyquinoline extractions was followed by three 1 mL 24 : 1 chloroform:isoamyl alcohol extractions. NaCl was again added to the supernatant along with 1.5 mL of cold ethanol to precipitate DNA. The solution was hand mixed and precipitated overnight at À20°C. To remove salt and other impurities, the DNA pellet was washed with 60% ethanol three times, dried and suspended in deionized water after 15 min incubation at 40°C. Concentration and purity of DNA samples were measured using the ND1000 NanoDrop UV-Vis Spectrophotometer. The inclusion of EDTA and 8-hydroxyquinoline should help minimize the potential risk of artifactual oxidation.
Gas chromatography mass spectrometry
Internal Standard (IS) Solutions
Commercially available stable labeled standards [2- were used to analyze epigenetic marks using GC/ MS. To prepare stock solutions, approximately 5 mg of each standard was dissolved in 2.5 mL of sterile double distilled water, and the concentration of the internal standard (IS) solution determined before each use by measuring the absorbance at 270 nm for cytosine and 5-hmC (Wyatt and Cohen 1953) and 274 nm for 5-mC (Wyatt 1951) , in triplicate using a Genesys 10uv Thermo Spectronic UV-Vis Spectrophotometer. To compare labeled and unlabeled standard retention times and fragmentation, unlabeled cytosine, 5-mC, and 5-hmC were purchased and analyzed.
Acid hydrolysis 40 lg of DNA were added to 5 mL conical glass vials and lyophilized. To hydrolyze the bases, 250 lL 90% formic acid was added. Air was evacuated from samples using a 60 mL syringe and 20 gauge needle through a Teflon seal and samples were heated for 30 min using a sand bath set to 140°C. After cooling for 10 min at À80°C, standards were added to the vials which were then frozen at À80°C for at least 2 h. Samples were then lyophilized overnight.
Derivatization of DNA bases
To volatilize bases, 250 lL of a 50 : 50 solution of pyridine/ BSTFA:TMCS was added to the sample vial and the air evacuated as previously described (Wang et al. 2006) . The samples were vortexed every 30 min for 2 h at 21°C to ensure the reaction went to completion and all bases were derivatized. The vials were then dried under nitrogen gas for 2 h. Fresh BSTFA:TMCS was added to each vial to suspend DNA bases in 20 lL of solvent. The sample solution was transferred to a GC/MS autosampler insert and capped.
GC/MS method
Derivatized bases were separated using an Agilent 7890A GC on an Agilent HP-5MSI ultra inert capillary column (0.25 mm diameter, 0.25 micron film thickness, 30 m length). To analyze the sample, 1 lL was injected using a splitless mode with ultrapure helium carrier gas (99.999%) at an inlet pressure of 11.8 psi under a constant flow. The temperature program for separation was: 2 min hold at 100°C, ramp one: 5°C/min to 125°C, ramp two: 0.75°C/min to 134.75°C, ramp three: 0.3°C/min to 137.15°C, ramp four: 10°C/min to 307.15°C and held at 307.15°C for 2 min to make the total run time 47 min per sample. Retention times for the standards were 17 min for cytosine, 19 min for 5-mC, and 36 min for 5-hmC.
Samples were introduced into the mass spectrometer (Agilent 5975C inert XL EI/CI MSD with Triple Axis Detector) from the GC column, with an injector temperature maintained at 250°C and the ion source at 230°C. Data were collected in selective ion monitoring mode specific for m/z ratios of the base peak for IS and unlabeled cytosine derivatives. The IS m/z ratios monitored were 257 for N-5-hmC. The unlabeled cytosine derivatives were monitored at m/z ratios of 254 for cytosine and 5-mC, and 357 for 5-hmC at each respective retention time. The integrated area of the signal for each analyte was normalized with respect to the IS signal and corrected based on instrument response for each standard via the standard curve. Sample values were calculated as pmol modification/mg DNA, taking into account the 20 : 1 dilution factor (20 lL resuspended: 1 lL injection) and 0.04 mg DNA analyzed for each sample.
Serial dilutions (1 : 3) of each stable labeled IS were used to analyze instrument response curves over a range of 1.5 pmol/lL to 375 pmol/lL of cytosine base injected in five replicate measures prior to tissue experiments. Concentration range was based on average amounts of cytosine, 5-mC, and 5-hmC in 1 lL injections of processed DNA as described above. Limit of detection and limit of quantification (LOQ) were calculated based on standard deviation of blank measurements and the slope of the standard curves.
Statistical analysis
Sample sizes were determined based on tissue specimen availability, but no formal power analysis was utilized. To limit the potential for batch differences, DNA samples were randomized by diagnosis and brain region and processed in sets of 10 for acid hydrolysis and derivatization steps. To minimize subjective bias when quantifying results, data were recorded as subject case number with no indication of subject diagnosis.
To test significant differences in subject demographic data among disease groups, ANOVA was used for measures with normal distributions (PMI and age), while ANOVA on Ranks was used for testing significant differences in non-normally distributed data (MMSE scores, Braak stage scores, and pathologic burden counts). In the event the omnibus test was significant, Dunn's post hoc analysis was performed. Statistical analysis testing of subject demographic data was analyzed using SigmaPlot version 13.0 â (Systat Software, Inc., San Jose, CA, USA).
General linear regression models (GLM) were used to test associations between epigenetic marks (5-mC and 5-hmC) in brain regions (SMTG, HPG, IPL) with mean brain region-specific neuritic plaque (NP) and NFT counts. A series of six regression models was fitted to the data, one for each dependent variable (NP and NFT counts) in each of the three brain regions. Models simultaneously estimated the association between 5-mC and 5-hmC and NP/NFT counts while adjusting for age at death and gender. GLMs were also used to test associations with epigenetic marks (5-mC and 5-hmC) with global cognition scores (MMSE) near death, adjusting for age at death and gender.
To determine significant differences in cytosine, 5-mC, and 5-hmC levels across brain regions (CER, IPL, SMTG, HPG) and across subject groups (NC, PCAD, MCI, LOAD, FTLD/DLB), a repeated measures analysis with brain regions as the repeated factor within subjects was used. Separate models were fitted for each epigenetic mark (cytosine, 5-mC, and 5-hmC). To account for correlation within the four measurements taken on the same subject, an unstructured covariance matrix was used. Models tested the main effect of subject group and brain region, as well as their two-way interaction, and adjusted for age at death and gender. The two-way interaction between subject group and brain region was not significant in any of the models and was not retained. GLMs and repeated measures analysis was performed in SAS version 9.4 â (SAS Institute, Inc., Cary, NC, USA).
Results
GC/MS method: cytosine, 5-mC, and 5-hmC
To analyze epigenetic modifications to cytosine using GC/ MS, stable labeled standards of cytosine, 5-mC, and 5-hmC ( Fig. 1) were used. Characterization of each standard was carried out using m/z ratios and retention times of commercially available labeled versus unlabeled standards. Mass spectra were compared to database references when available (Wishart et al. 2007 (Wishart et al. , 2009 (Wishart et al. , 2013 . Analysis of stable labeled cytosine derivatives showed high percentage of labeling: cytosine (99.8%), 5-mC (99.3%), and 5-hmC (99.8%). While several m/z ratios were used to identify each peak, the most abundant ion ( ). LOQ were calculated for each labeled standard (cytosine, 3.4 pmol; 5-mC, 0.4 pmol; 5-hmC, 0.8 pmol), and calibration curves throughout the 1.5-375 pmol/lL concentration range analyzed showed linear responses (R 2 > 0.99) for each standard (Fig. 2) .
Subject demographic analysis
To correct for potential age associated epigenetic modifications in brain tissue, NC specimens were matched for age. To determine if epigenetic modifications were AD specific, diseased control (FTLD/DLB) tissue specimens were also analyzed (Table 1) . No significant differences were observed for PMI or age among the subject groups. As expected, significant differences were detected in Braak staging scores for PCAD, MCI, and LOAD subjects compared to NC (p < 0.05). Taking into account a nondemented pool (NC, PCAD, and MCI) of subjects compared to LOAD, Braak stage scores remain significantly higher in LOAD with a median Braak stage score of VI [interquartile range: V and VI] compared to the nondemented pooled subjects with a median Braak stage score of III [interquartile range: II-IV] using Mann-Whitney Rank Sum test (p < 0.05). No difference was observed for Braak staging scores between NC and FTLD/DLB subjects. MMSE scores were significantly decreased in LOAD and for FTLD/DLB subjects (p < 0.05) compared to NC subjects. APOE genotype data from the UK-ADC are listed in Table 1 with total number of subjects per group with the specific Ԑ4 allele.
Quantitative neuropathology data were obtained from the UK-ADC. Regional NP and NFT counts represent arithmetic means of individual plaques and tangles calculated from five of the most severely affected fields within the brain regions analyzed (SMTG, HPG, IPL) as described by Nelson et al. (Nelson et al. 2007 ). NP and NFT counts for three brain regions were compared using ANOVA on Ranks between subject groups. The omnibus test was significant (p < 0.05) for all NP and NFT counts between the groups in each brain region (Table 2 ). For significant differences within the groups, Dunn's post hoc analysis was used to determine which disease group showed significantly increased burden of pathological counts compared to NC. For NP counts, all brain regions in LOAD subjects were significantly increased compared to NC (SMTG, p = 0.026; IPL, p = 0.024; HPG, p = 0.021). NFT counts in the SMTG (p < 0.001) and IPL (p < 0.001) of LOAD were significantly higher compared to NC subjects. Complete sets of CER, HPG, SMTG, and IPL tissue specimens were analyzed for NC, PCAD, MCI, LOAD, and FTLD/DLB subjects with exceptions for PCAD (HPG, n = 5), MCI (HPG, n = 5), and FTLD/DLB (HPG, n = 6; SMTG, n = 10). Total number of subjects (N) in each pathology group is represented in Table 1 .
Association of pathologic burden and cognition scores versus epigenetic marks
In the SMTG, 5-mC was significantly associated with mean NP count (t = À2.45, p = 0.021) but not NFT count. In contrast, 5-hmC was not associated with either measure. In the IPL and HPG, neither epigenetic mark (5-mC and 5-hmC) was associated with mean NP or NFT count. Similarly, MMSE scores near death were not associated with 5-mC and 5-hmC levels in any brain region.
Quantification of cytosine derivatives in SMTG, IPL, HPG, and CER Cytosine, 5-mC, and 5-hmC were quantified as pmol per mg DNA (Table 3) , calculated from the signal intensity of the sample compared to the IS and the instrument response of the standard curve for each base, taking into account a dilution factor of 20 : 1 (20 lL solution: 1 lL injected), as well as the amount of DNA analyzed for each tissue specimen. Cytosine levels did not differ by brain region (p = 0.133), but were significantly different by subject group (p = 0.0018). Compared to NC, MCI cases had significantly Median and interquartile range of Braak staging score and neuritic plaque (NP) and neurofibrillary tangle (NFT) counts in three brain regions were compared to NC subjects. To determine significant differences between the pathology groups and NC, omnibus significance was tested using ANOVA on Ranks, with post hoc analysis testing using Dunn's analysis compared to NC (*p < 0.05). HPG, hippocampus/parahippocampal gyrus, IPL, inferior parietal lobe, SMTG, superior and middle temporal gyrus.
lower mean levels (t = À2.10, p = 0.042), as did FTLD/ DLB cases (t = À2.61, p = 0.012). There was no significant difference between NC and LOAD (p = 0.2178) or PCAD (p = 0.1494) subjects (Fig. 3) . Compared to LOAD, MCI cases had significantly lower mean levels of cytosine (t = À3.29, p = 0.002), as did PCAD (t = À2.60, p = 0.0128) and FTLD/DLB (t = À3.83, p = 0.0004) cases. For 5-mC, there were significant differences by brain region (p = 0.0054) and subject group (p = 0.0002). In the CER, 5-mC levels were significantly higher compared to HPG (t = 3.51, p = 0.0011) and SMTG (t = 2.79, p = 0.0079). 5-mC was significantly lower in the HPG compared to IPL (t = À2.30, p = 0.0265) but not the SMTG (p = 0.1006). Compared to NC, 5-mC was significantly lower in FTLD/DLB (t = À3.01, p = 0.0011), but not in PCAD (p = 0.1244), MCI (p = 0.3043), or LOAD (p = 0.0529) cases. Compared to LOAD, 5-mC levels were significantly lower in PCAD (t = À3.38, p = 0.0016), MCI (t = À2.93, p = 0.0054), and FTLD/DLB (t = À4.99, p < 0.0001) subjects.
As with 5-mC, 5-hmC levels were significantly different by both brain region (p < 0.0001) and subject group (p < 0.0001). In the CER, 5-hmC levels were significantly higher compared to HPG (t = 10.73, p < 0.0001), SMTG (t = 5.19, p < 0.0001) and IPL (t = 4.17, p = 0.0001). Levels of 5-hmC were significantly lower in the HPG compared to SMTG (t = À6.28, p < 0.0001) and the IPL (t = À4.52, p < 0.0001). Compared to NC, levels of 5-hmC were significantly higher in PCAD (t = 4.43, p < 0.0001), MCI (t = 4.09, p = 0.0002), and FTLD/DLB (t = 4.21, p = 0.0001) subjects, but not LOAD (p = 0.4286). Compared to LOAD, 5-hmC levels were significantly higher in PCAD (t = 3.70, p = 0.0006), MCI (t = 3.31, p = 0.0019), and FTLD/DLB (t = 3.39, p = 0.0015) cases. Values rounded to whole numbers for simplicity. HPG, hippocampus/parahippocampal gyrus, IPL, inferior parietal lobe, SMTG, superior and middle temporal gyrus, CER, cerebellum. 
Effect of AD specific epigenetic marks on brain regions
To determine if alterations in epigenetic marks in brain regions susceptible to AD pathology are specific to AD progression, FTLD/DLB subjects were removed from the repeated measures analysis and significance between brain regions of NC, PCAD, MCI and LOAD subjects was tested.
In the CER, levels of 5-mC were significantly higher compared to HPG (p = 0.0002) and SMTG (p = 0.0075).
In the HPG, 5-mC levels were significantly decreased compared to SMTG (p = 0.0342) and IPL (p = 0.0057). Levels of 5-hmC were significantly elevated in the CER compared to HPG (p < 0.0001), SMTG (p = 0.0003), and the IPL (p = 0.0079). In the HPG, 5-hmC levels were significantly lower compared to the SMTG (p < 0.0001) and the IPL (p < 0.0001) (Fig. 4) .
Discussion
Epigenetic modifications to cytosine are known to be potentially causal in the progression of disease phenotypes, specifically in tumor inhibition suppression and tumor growth stimulation in various types of cancer (You and Jones 2012) . In AD, however, it remains controversial whether epigenetic marks change in affected brain regions or if changes merely reflect age related epigenetic alterations. It was the aim of this study to measure these epigenetic marks using a more specific technique, mass spectrometry, instead of the semi-quantitative method of immunochemistry where antigen retrieval and non-specific antibody binding have the potential to cloud results (Yuan 2014; Celik 2015) . To determine epigenetic changes in brain regions associated with AD throughout the progression of the disease, modifications to cytosine were analyzed using GC/MS and stable labeled standards of each cytosine base (Fig. 1) . After characterizing each stable labeled standard with commercially available synthetic non-labeled standards, calibration curves were analyzed (Fig. 2) and LOQ calculated (see Results) to produce a sensitive and selective method to quantify cytosine, 5-mC, and 5-hmC in DNA from several disease states (PCAD, MCI, LOAD, and FTLD/DLB) and cognitively normal subjects. Based on our data, epigenetic modifications to cytosine are globally altered in early stages of AD throughout the brain, as well as in other types of neurodegeneration, specifically FTLD and DLB subjects (Fig. 3) . This finding is in agreement with current literature suggesting dysregulation of epigenetic mechanisms are relevant to neurological disorders including dementia, neurological psychosis, and genetic diseases (Amir et al. 1999; Schanen 2006; Rao et al. 2012; Veerappan et al. 2013; Wang et al. 2014; Sherwani and Khan 2015) .
In AD, levels of 5-hmC were significantly elevated in PCAD and MCI subjects across the four brain regions analyzed compared to NC. While 5-mC levels were not significantly different in any stage of AD progression compared to NC, levels of 5-mC were marginally significant in LOAD (p = 0.0529). When compared to LOAD levels, epigenetic marks in PCAD and MCI subjects show decreased cytosine and 5-mC and increased 5-hmC. This suggests that global levels of epigenetic marks are altered early in AD progression and return to what could be considered 'basal levels' at the final stage of the disease. Epigenetic marks may play a role early in AD, but after rampant neurodegeneration and cell death, global changes of epigenetic marks may have less of an impact on the brain as a whole. In analyzing epigenetic marks in specific brain regions, levels of 5-mC and 5-hmC were elevated in the CER compared to HPG, SMTG, and IPL levels in the progression of AD (Fig. 4) . This is consistent with previous studies of elevated epigenetic marks in human cerebellum samples (Illingworth et al. 2015) , (Lunnon et al. 2016 ). The differences in 5-mC and 5-hmC levels between brain regions may reflect changes in cell type distributions. Brain regions susceptible to AD pathology later in the progression of the disease have increased global levels of 5-mC and 5-hmC compared to regions of the brain affected earlier (Fig. 4) ; however, further study is needed to elucidate the biological significance of these brain region specific altered levels of epigenetic marks. Alterations to cytosine modifications are thought to affect gene transcription where methylation of cytosine leads to gene repression, while hydroxymethylation is thought to have the opposite effect. However, it has been suggested that specific genetic locations of cytosine modification may be more relevant to transcription changes than global methylation/ hydroxymethylation levels (Song et al. 2005; Nabel et al. 2012; Wen and Tang 2014; Breiling and Lyko 2015) . Several studies have shown altered gene expression in the progression of AD pathology over multiple brain regions in human and animal models (Blalock et al. 2004; Liang et al. 2008; Avramopoulos et al. 2011; Twine et al. 2011; Karch et al. 2012; Berchtold et al. 2013 Berchtold et al. , 2014 Cummings et al. 2015; Sekar et al. 2015) . Bossers et al. (2010) studied genome-wide expression profiles in the medial frontal gyrus of varying stages of AD pathology (Braak stages 0-VI) in 49 clinically well-studied subjects. In early stages of disease pathology, expression of synaptic activity and plasticity genes increased, but as AD pathology progressed, expression levels decreased. Alongside these pathways, decreased expression in cell differentiation/proliferation, transcriptional regulation, and inflammation pathways was present early in AD, with increased expression of genes in these pathways as AD pathology progressed (Bossers et al. 2010) . The repression and up-regulation of specific genes throughout the progression of AD could be the result of disease specific epigenetic modifications, however, more research is needed to understand these complex mechanisms.
Epigenetic drift is a natural component of the aging process as well as a factor in age-related diseases, where genes relevant to aging mechanisms have altered transcription (Fraga et al. 2005; Bihaqi et al. 2012; Brunet and Berger 2014; Jung et al. 2015) . To account for age effects, AD subjects were agematched with cognitively normal control subjects, as well as correcting for age at death and gender in the repeated measures analysis. This study shows that alterations in 5-mC and 5-hmC in the brain are not merely age effects, but may be an indication of neurodegeneration and disease.
To correlate pathologic burden with epigenetic marks, regression models were used and showed 5-mC levels negatively correlated with NP count in the SMTG, however no other model was significant for 5-mC or 5-hmC. This is likely due to the small sample sizes between the subject groups and that these reflect global relationships between pathology counts and epigenetic marks, while other studies show correlations between 5-mC and AD pathology in specific gene studies (Chibnik et al. 2015; Levine et al. 2015) .
While it is unclear if storage time and storage conditions impact cytosine oxidation, it is unlikely for tissue snap-frozen in liquid nitrogen at autopsy and stored at À80°C until used for analysis. In cell culture, the production of 5-hmC was dependent on TET enzyme activity in the presence of reactive oxygen species and oxidizing compounds (Coulter et al. 2013; Minor et al. 2013; Kang et al. 2014; Zhao et al. 2014) . Thus, if TET is required for conversion of 5-mC to 5-hmC, the severity of the cold storage conditions should inhibit enzyme activity, making enzymatic oxidation of 5-mC at À80°C unlikely. Extended PMIs may affect oxidation of DNA bases, where TET could be residually active, however it has been shown in rat brains with PMIs between 0 and 96 h, there was no effect on global or site-specific levels of 5-mC or 5-hmC (Gross et al. 2016 ). Although we cannot fully rule out effects of storage conditions on 5-hmC levels in the frozen tissue specimens analyzed in this study, there was no correlation between length of storage time and measured 5-hmC level among the subject groups in our analysis (data not shown).
In order to study nucleic acids in tissue samples using GC/ MS, DNA must be extracted chemically from tissue specimens, cytosine bases freed from the phosphate backbone of the DNA, and bases derivatized to increase volatility and enable detection by GC/MS. While artifactual oxidation of nucleic acids, typically 8-oxoguanine, has been suggested to occur during chemical DNA isolation and derivatization (Bruskov et al. 2002; Ravanat et al. 2002) previous studies have demonstrated no significant difference in the levels of oxidized nucleic acids when prepared with a phenol:chloroform extraction or a more gentle 'salting-out' approach (Rehman et al. 2000; Wang et al. 2006) . To further minimize artifactual oxidation, several precautions were implemented during sample preparation, including the chelation of free radical generating trace metals (Fe/Cu) by Na 2 EDTA during tissue digestion, as well as subsequent DNA extraction in the presence of 8-hydroxyquinoline. Additionally, previous studies have demonstrated that derivatization of nucleic acids is the most vulnerable step to artifactual oxidation (Hamberg and Zhang 1995; Ravanat et al. 1995) , specifically in the presence of atmospheric oxygen and at elevated temperatures. To minimize these effects in the current study, derivatization was carried out in evacuated tubes at 21°C, reducing the risk of artifactual oxidation (Dizdaroglu and Gajewski 1990; Jenner et al. 1998; Rehman et al. 2000) .
Despite the incorporation of precautionary measures implemented during sample preparation and derivatization, it remains unclear if the same measures are effective in the prevention of artifactual oxidation of 5-mC. However, chelation of iron by Na 2 EDTA during tissue digestion should minimize the iron-dependent enzymatic activity of TET1, thus minimizing further oxidation of 5-mC during tissue digestion. Madugundu et al. (2014) demonstrated that TET-independent hydroxyl-radical-oxidation of 5-mC to 5-hmC is minimal in oligonucleotide duplexes subjected to lethal doses of ionizing radiation (Madugundu et al. 2014) , suggesting that under current isolation conditions artifactual oxidation of 5-mC should be minimal. Furthermore, the absence of detectable levels of 5-hmC during GC/MS analysis of commercially available 5-mC standard subjected to derivatization procedures demonstrates the efficacy of the experimental conditions in preventing artifactual oxidation with respect to base derivatization.
While studies of global levels of epigenetic changes give valuable insight into modified regions of the brain vulnerable to AD pathology, gene level studies of epigenetic marks as they relate to transcriptional activity would give targets of possible gene mechanisms that lead to neurodegeneration and dysfunction in these vulnerable brain regions. As research progresses, the cost of genome-wide mapping of 5-hmC and 5-mC will decrease, opening doors to map the entire epigenome and discover specific gene targets that could be epigenetically modified in AD.
In summary, global levels of cytosine, 5-mC, and 5-hmC were measured in tissue from four brain regions across the spectrum of AD using stable labeled cytosine standards and GC/MS. While epigenetic drift is a known factor in aging, these data show changes in epigenetic marks are not only due to age, but are significantly altered in early stages of AD progression, which could be an indicator of neurodegenerative disease. These marks are also not specific to AD, but are altered in FTLD and DLB. Alterations in epigenetic marks in key brain regions associated with disease progression could play a role in deregulated gene transcription and aid to the progressive nature of neurodegenerative diseases. While this study highlights global epigenetic changes throughout the progression of the disease in key brain regions, it gives no information about the epigenetic state of specific genes. Further study of epigenetic modifications of target genes in brain regions associated with AD could lead to a better understanding of the mechanism of dysfunction in neurodegeneration and the discovery of potential therapeutic targets.
